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Abstract: Dynamic friction occurs not only between two contact objects sliding against each other, but
also between two relative sliding surfaces several nanometres apart. Many emerging micro- and
nano-mechanical systems that promise new applications in sensors or information technology may suffer
or benefit from noncontact friction. Herein we demonstrate the distance-dependent friction energy
dissipation between the tip and the heterogeneous polymers by the bimodal atomic force microscopy
(AFM) method driving the second order flexural and the first order torsional vibration simultaneously.
The pull-in problem caused by the attractive force is avoided, and the friction dissipation can be imaged
near the surface. The friction dissipation coefficient concept is proposed and three different contact states
are determined from phase and energy dissipation curves. Image contrast is enhanced in the intermediate
setpoint region. The work offers an effective method for directly detecting the friction dissipation and
high resolution images, which overcomes the disadvantages of existing methods such as contact mode
AFM or other contact friction and wear measuring instruments.
Keywords: dynamic friction; energy dissipation; contact states; image contrast; bimodal atomic force
microscopy (AFM)

1

Introduction

Friction is very common in the macro world, but
the explanation of the origin is still scarce and
controversial [1–5]. Atomic force microscopy (AFM),
an innovative technique invented in 1986, has
become a multifunctional and powerful apparatus
for imaging nanometer resolution surface structures
and friction measurement in various environments
[6–13]. The first atomic-scale feature of a graphite
surface was observed as the stick-slip phenomenon
in the friction force microscopy (FFM), and some
other two-dimensional materials were proved to
be in superlubricity state and exhibit excellent
lubricant properties as additives at microscale
[14–16]. Friction traced to the single atom on
Si(111)-(7×7) was obtained by a qPlus sensor in the

frequency modulation (FM) AFM, a dynamic mode
for the real noncontact friction detection [17].
Although the resolution has reached a sub-atomic
level, this technique is only capable to measure
either the lateral or the normal force [18]. How to
measure two-directional interaction by the tip is
still a challenge issue in the development of AFM
technology. An optional force sensor is a microcantilever beam, which can flexibly detect the two
directional interaction by theoretically exciting
both the flexural and torsional vibration modes [19,
20]. Piezoelectric actuation is a commonly used method,
however, it has the problem of spurious flexural
resonances. To avoid the “forest of peaks”, some
other excitation methods, such as the photothermal
and magnetic actuations have been developed
[21–23]. In recent years, the bimodal technique
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[24–26] or higher modes [27, 28], multi-frequency
[29, 30], and intermodulation method have enriched
the conventional dynamic force microscopy (DFM)
field, thereby greatly improving the image resolution
and obtaining more sample information [31–35].
The first bimodal method excites the first two
modes of the microcantilever to explore interface
interaction with high precison [24]. However,
sometimes the friction or lateral dissipation provides
additional information in the heterogeneous materials
and some laminated structures [36]. The bimodal
AFM method turned out to be an effective method
for the vertical and lateral detection [37, 38]. Recently,
in the amplitude modulation flexural–frequency
modulation torsional (AMFlex–FMTor) mode DFM,
the in- and out-of-plane nanomechanical properties
of two heterogeneous polymers were obtained [39].
However, in atmosphere environment, the cantilever
with small amplitude and force constant does not
seem to be an appropriate choice for stable feedback,
mainly because the water film or the force field on
the sample can attract the tip into the sample
surface [40]. It can be addressed through exciting
the second order flexural vibration modes as the
feedback since the second order force constant is
about 40 times higher than the first order, which
allows the tip to vibrate stably near the sample
surface and overcomes the pull-in instability. The
stable vibration in the tapping mode is also a key
for understanding the energy dissipation mechanism
near the surface. In 2006, Socoliuc et al. experimentally
controlled the friction by changing the load of
nano-contact, and even ultra-low friction can be
achieved [41]. Then efficient methods to control
superlubricity by external vibration conditions
have been developed [42]. The energy dissipation
in the tapping mode seems to be deeply related to
the vibration induced superlubricity due to the
similar motion patterns [43].
In this work, a bimodal approach combining the
second order flexural and the first order torsional
eigenmodes of the cantilever is introduced to
detect the contrast, the in- and out-of-plane
dissipation between the tip and the heterogeneous
polymers. In this way, the dynamic friction energy
dissipation near the surface can be studied in
depth. Besides, the friction dissipation coefficient
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is firstly proposed and three different contact states
are determined from the energy dissipation and phase
curves. When the second order flexural vibration
is used as feedback to measure samples at close
range, the image contrast can be greatly enhanced.

2

Experiments

The original experiment setup has been described
in the previous study [40]. Figure 1 depicts the
high order bimodal AFM schematic along with the
observables, the second order flexural (f2 = 1,800.1
kHz,) and the first order torsional (ftr =2,321.5 kHz)
vibration signal spectra. The bimodal vibration
was excited by the piezoelectric actuator, in which
the high order feedback was applied for the steady
control [19]. The sample was the polymer blend of
polystyrene (PS) (EPS = 2.0 GPa) and low-density
polyethylene (LDPE) (ELDPE = 0.1 GPa) purchased
from Bruker Corporation (HarmoniX Training
Sample), which is a commonly used sample to
display the bimodal AFM functions [44, 45]. The
inverse optical lever sensitivities (InvOLS) were
calibrated from dynamic amplitude approaching
curves on the silicon surface for the second order
flexural mode [46, 47]. Therefore, the flexural and
lateral amplitude sensitivity were 10.52 and 3.51
nm/nA, respectively. The cantilever used here was
PPP-NCH type, and the first, second order flexural
and first order torsional force constants were
calibrated by Sader’s method (k1 = 21.6 N/m, k2 =
844.1 N/m, ktr = 1,403.8 N/m, nanosensors) [48]. All
experiments in this study were operated under a
narrow environment relatively humidity range RH =
21.4%–24.3% and basic constant temperature 23–24 ℃.

3

Results and discussion

In bimodal AFM, the analytical expressions of the
rectangular cantilever beam vibration have been
introduced [49, 50]. From the equations of the
bimodal motion, the second order flexural phase
φ2, the first order torsional amplitude Atr, and
torsional phase φtr at two resonance frequency
peaks can be imaged in Fig. 2, where the matrix is
PS and the circular area is LDPE, respectively.
www.Springer.com/journal/40544 | Friction
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Fig. 1 Bimodal schematic description and control system, showing the bimodal driving signal contains the second order
flexural and first order torsional mode frequencies, respectively. The second order flexural and the first order torsional vibration
siganl spectra are shown in the purple and green curves, respectively. The flexural signal is used for topography feedback and
the flexural dissipation, while the torsional signal is utilized to detect the torsional dissipation.

In a series of bimodal experiments, the different
vibration modes in orthogonal directions were
simultaneously excited by the sinusoidal voltage
to detect the polymer blend of PS and LDPE. The
second order free flexural amplitude A02 were kept
about 47 nm, 21 nm, 10 nm, respectively. In addition,
there is a new change rule of the energy dissipation
power, and three different contact states can be
distinguished by referring to the variation of the
dissipation power and phase curves. The image
contrast was greatly enhanced in the quasi-contact
state. The friction energy dissipation coefficient
was proposed to measure the relative magnitude
of energy dissipation in both directions. Dynamic
interaction and torsional vibration signals can be
recorded in the repulsive force region, improving
the edge detection capability.
3.1

Bimodal phase images

In Fig. 2, the bimodal phase images and curves
under different A02 in various setpoint ratio (0–1)
are displayed with Atr = 3.16 nm. The setpoint ratio
abscissa (A2/A02) refers to the operation amplitude
A2 as a percentage of the free resonance amplitude
A02 in the feedback. The larger the setpoint ratio is,
the farther the tip is from the surface. When the
setpoint ratio is zero, the tip contacts the sample
surface and no oscillation can be sustained. The
90° black dot line is the boundary between the

attractive and repulsive interaction region [51]. As
shown in Figs. 2(a) and 2(b), the histograms
extracted from φ2 and φtr maps reveal the
coexistence of two material components, where
image contrast with A02 = 47 nm is larger than the
other two with A02 = 21 and 10 nm from the
bimodal Gaussian peaks spacing. In Fig. 2(c), the
second order flexural vibration is almost in the
repulsive interaction region due to φ2 less than 90°.
Only at high setpoint ratios and small A02 can the
flexural vibration work in the attractive interaction
region. As A02 decreases in Fig. 2(c), the setpoint
ratio corresponding to φ2 = 90° lines also reduces.
φ2 on LDPE is larger than that on PS with A02 = 47
nm, however, it is opposite with A02 = 10 nm. And
φ2 curve has an intersection at the setpoint around
0.36 with A02 = 21 nm. Details show that the φ2
difference between the two components is not
constant, but varies with A02 and the setpoint ratio.
It is influenced not only by the characteristics of
the two materials, but also by the initial amplitude
and the setpoint ratio, which should be taken into
account when identifying the two materials. In Fig.
2(d), the torsional vibration works in the repulsive
state, because φtr is all below the 90º black dot line.
3.2

Dynamic friction dissipation and contact
states

For the case of large amplitudes used in bimodal
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Fig. 2 The bimodal phase images (10 μm × 10 μm) and curves under different A02 in setpoint ratio range (0–1). (a) φ2 images
at setpoint ratio 0.6 and (b) φ tr images at setpoint ratio 0.4 with three A 02 . (c) φ 2 and (d) φ tr curves. A 02 = 47 nm (purple line),
A 02 = 21 nm (orange line), and A02 = 10 nm (green line). The solid square dots and circle dots represent the data on the PS and
LDPE, respectively. The maximum torsional amplitude Atr is 3.16 nm.

AFM, the strength of the dissipative tip‒sample
interaction is different occurring during one cycle
of oscillation. Qualitatively, the dissipative tip‒sample
interactions should have an appreciable value only
close to the lower turnaround point of the oscillation
cycle in tapping mode, while the viscous cantilever
damping in air is proportional to the velocity, i.e.,
maximal at the average tip-sample position.
In the interaction region, the dissipative force
between the tip and sample is the convolutions of
the interactions with the velocity. According to the
law of energy conservation, the dissipative tip–
sample interaction is in the balance of the power
and it is the difference between the input energy
and the eigen dissipation energy of the tip. In
bimodal AFM, the average bimodal dissipation
power Pdisnor and Pdistor per cycle can be derived by
the following analytical expressions [52–55]:

πf2 k2 A2 A02 
A2 
 sin 2 

Q2
A02 


(1)

πftr ktr Atr A0tr 
Atr 
 sin tr 

Qtr
A0tr 


(2)

Pdisnor 

Pdistor 

where k2, f2,  2, and Q2 are the second order mode
stiffness, resonance frequency, phase and quality
factor, respectively. A2 and A02 are the second
order flexural operation and free amplitude of the
cantilever. Pdisnor and Pdistor are the flexural and
friction tip–sample energy dissipation power,
respectively. The suffix tr refers to the first order
torsional vibration mode.
As shown in Figs. 3(a) and 3(b), the Pdisnor and
Pdistor values are mapped at different setpoint ratio
0.2, 0.5, and 0.7 with A02 = 47 nm. Overall, Pdistor is
about a few thousandths to a few percent of Pdisnor
from the color bar. The dissipation power data
values in Figs. 3(c) and 3(d) were extracted from
the Gaussian bimodal peaks in the histograms. The
Pdisnor curve shows a parabolic trend, and the
maximum is around setpoint ratio 0.5 in Fig. 3(c),
indicating that the dominant interaction contributions
are the long range surface adhesion and normal
viscoelasticity [56]. Pdisnor on LDPE is larger than
that on PS, especially with A02 = 47 nm. Large A02
can exert relatively strong force on the surface of
low modulus specimens, such as LDPE, resulting

www.Springer.com/journal/40544 | Friction

Friction 10(5): 748–761 (2022)

752
in high flexural energy dissipation. When the tip is
touching the sample surface, it is harder for PS to
produce the large deformation and energy dissipation
compared with LDPE. It seems that greater amplitudes
cause contact or some penetration into the sample,
which in turn produces greater repulsive forces. In
Fig. 3(d), Pdistor curves also show the parabolic
trends, but the vertexes are not in the same place,
mainly due to the closed-loop flexural vibration
and open-loop torsional vibration. Atr is different
on PS and LDPE in Fig. 5(c), but A2 is the setpoint
operation amplitude for the close-loop stable
imaging, indicating A2 maintains constant when
scanning the sample. Pdistor reaches the maximum
in the intermediate setpoint ratio region, whereas
decreases on the other two sides. As A02 decreases,
Pdistor is closer to Pdisnor, indicating the torsional
vibration only takes effect in a short period of the
total vibration cycle when close to the sample
surface, whereas during most of the period, the tip
produces weak interaction farther away. From the
shapes of the torsional dissipation power curves,

the torsional interaction is dominated by the long
range surface adhesion and lateral viscoelasticity
[57]. If the tip is drawn into the surface, the
torsional friction energy dissipation power will
suddenly increase due to the deep pressure and
the indentation [40]. In Fig. 3(d), Pdistor decreases
slightly near the sample surface, showing the tip
overcomes the attractive force by the vibrating.
The stable vibration near the sample surface keeps
the tip small amplitude. Besides, in the bimodal
AFM experiments with the second order flexural
vibration as feedback, the near surface Pdistor can be
detected, which is caused by the dynamic lateral
force or friction.
Three different contact states can be distinguished
through the process of phase and energy dissipation
curves in Figs. 2(c) and 3(c). When the phase is
higher than 90°, the interaction is in the attractive
region, which can be considered as the noncontact
state. When the phase value is less than 90°, the
interaction is in the repulsive region, which can be
considered as the contact state. But there is another

Fig. 3 The energy dissipation power maps (10 μm × 10 μm) and curves under different A02 in setpoint ratio range (0–1). (a)
Pdisnor and (b) Pdistor images at setpoint ratio 0.2, 0.5, and 0.7 with A02 = 47 nm. (c) Pdisnor and (d) Pdistor curves. Part A, part B,
and part C refer to the contact, quasi-contact, and noncontact state, respectively. A02 = 47 nm (purple line), A02 = 21 nm (orange
line), and A02 = 10 nm (green line). The solid square dots and circle dots represent the data on the PS and LDPE, respectively.
The maximum torsional amplitude Atr is 3.16 nm.
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state, called quasi-contact state, a transition between
contact and noncontact state. In this state, there are
coexistences of attractive and repulsive interactions,
corresponding to the position where the phase is
equal to 90°, which is only a fleeting operating
setpoint. For the general micro cantilever with low
force constant, it is in the unstable working state.
In this work, the effective second order flexural
force constant is about 844.1 N/m. Even in the
quasi-contact state, the phase signal will not change
dramatically. On LDPE component with A02 = 47
nm, from the remote resonance state to the 90°
phase of the micro cantilever, the total attraction,
including the long range dissipative interfacial
force, is small and meanwhile the repulsive force
is negligible from the beginning. As shown in part
C of Fig. 3(c), the energy dissipation of the whole
system is in a low state, considered as the
noncontact state. With the decrease of the setpoint
ratio, it is suggested that from the 90° phase point
(setpoint 0.8) to the setpoint 0.13 of the flexural
dissipation curve may be the quasi-contact state,
exhibited in the part B of Fig. 3(c). The given
amplitude reduction involves tip–sample mechanical
contact, especially when using a cantilever with
large force constant and compliant materials [58].
However, at the beginning of approach, the average
contact force is extremely weak due to the short
contact time and the tiny deformation. As the repulsive
force increases gradually, the total energy dissipation
increases when the phase curve is less than 90°. At
the same time, the long range dissipative interfacial
forces, the short range surface adhesion hysteresis,
and the viscoelastic force all increase [51]. The
flexural vibration signal has the maximum
contrast. From setpoint 0.13 to 0, as shown in the
part A of Fig. 3(c), due to the decrease of the
viscoelastic force, the total energy dissipation is
reduced. At this time, it is considered as the contact
state, and the contact time between the tip and the
sample becomes longer. The amplitude and vibration
speed decrease, and the sample deformation and
its rate are small consequently a reduced viscoelastic
force.
Similar to the friction coefficient defined as the
ratio of friction to normal force under static contact,
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friction dissipation coefficient η can be defined as
the ratio of torsional Pdistor to normal Pdisnor at
different distances. The parameter varies with the
setpoint ratio and represents the percentage of
friction dissipation in the normal energy dissipation
power, which is used to measure the relative
magnitude of energy dissipation in both directions.
The analytical expression is as follows:



Pdistor
Pdisnor

(3)

The friction dissipation coefficient can not be
compared on one scale under different free
amplitudes, so it is necessary to normalize the
coefficient. Normalized friction dissipation coefficient
η* is defined as the ratio of each point value η to
the maximum ηmax.

* 


max

(4)

The normalized friction dissipation coefficient
includes two types in Fig. 4. One is η1* of the first
order vibration feedback, the other is η2* of the
second order vibration feedback. The normalized
friction dissipation coefficient ranges from 0 to 1,
and the abscissa is the setpoint ratio.
In the previous study, with the first order free
flexural vibration amplitude A01 = 254 nm, the first
order normalized friction dissipation coefficient 0.15
and 0.5 are the cut-off points of noncontact region
Ⅲ (η1* < 0.15), quasi-contact region Ⅱ (0.15 < η1* <
0.5), and contact state region Ⅰ (0.5 < η1*) [40]. A
slight mutation occurs at the setpoint ratio 0.14
with A01 = 123 and 65 nm, where the quasi-contact
and contatct states can be distinguished obviously
in Figs. 4(b) and 4(c). It is also the transitional
setpoint at the flexural phase 90° boundary. The
corresponding normalized friction dissipation
coefficients are 0.16 and 0.15, respectively. The
cut-off points basically coincide on PS and PLDE
in Figs. 4(a)–4(c), whereas it shows a big difference
in Figs. 4(d)–4(f ), implying the second order
vibration feedback affects the energy dissipation
ratio distribution. η2* on LDPE is greater than that
on PS, indicating the friction dissipation of low
elasticity modulus specimens is larger. The regions
Ⅰ–Ⅲ in Fig. 4(d) correspond to the regions A–C in
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Fig. 4 Normalized friction dissipation coefficient at different setpoint ratios. (a)–(c) η1* with the first order flexural vibration
feedback. The original data are from Ref. [39]; (d)–(f) η2* with the second order flexural vibration feedback. The cross dot line
represents PS and the circle dot line represents the LDPE component. The purple, orange, and green lines mean the different
free amplitudes. The tip–sample illustrations depict the noncontact and quasi-contact states in (a)-Ⅲ and (a)-Ⅱ, respectively.
The illustration in (d)-Ⅰ depicts the contact state.

Fig. 3(c). Unlike the first order vibration feedback,
the distinction between the quasi-contact and
contact regions in Figs. 4(d)–4(f) is not very clear.
The cut-off points of noncontact and quasi-contact
states are distinguished by the 90° phase lines in
Fig. 2(c). In the noncontact region Ⅲ, the normalized
friction dissipation coefficients are very small and
the slope is basically unchanged, leading to the
poor phase contrast due to the weak force. In the
quasi-contact region Ⅱ, the coefficients increase
slightly and the phase contrast maintains the
maximum, especially with the first order flexural
vibration feedback, mainly because the coexistence
of the contact and noncontact states enhance the
interaction. In the contact region Ⅰ, the friction
dissipation coefficient increases rapidly to 1, and
the high contact force reduces the flexural phase
image contrast instead.
There is a famous argument proposed by Israelachvili
that the magnitude of friction is closely related to
the strength of the normal adhesion hysteresis,
which in fact is the relationship between the

flexural dissipation and the lateral dissipation [59].
The microscopic friction is mainly controlled by
adhesion and load. Under ideal conditions and
low load, friction mainly comes from the adhesion
control part. Therefore, the friction energy conversion
coefficient ε of the viscous hysteresis energy dissipation
can be defined.
In the tapping mode at high amplitude setpoint
ratios, the average load is small. It can be seen
from the friction dissipation coefficient curves that
the coefficient changes little in the noncontact and
quasi-contact states, indicating that the two kinds
of dissipation maintain a certain proportional
relationship and correlation. It can be concluded
that the energy conversion ratio is basically constant
in these two states, mainly because the surface
energy asymmetry (r‒a) of the tip is basically
unchanged during the process of approaching or
withdrawing contact, which is very similar to the
description of adhesion control friction in the
monograph [59]. However, the friction dissipation
coefficient increases rapidly in the contact state,
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indicating that the influence of flexural dissipation
on friction is already very weak, as the contact
load increases sharply and the lateral friction is
partly derived from the load control component,
enlarging the overall friction energy dissipation.
The friction dissipation coefficient of the three
contact states is similar to the friction energy
conversion ratio of the viscous hysteresis energy
dissipation, which not only proves the rationality
of the statement experimentally, but also expands
its applications.
3.3

Near imaging and enhanced contrast

In bimodal AFM, heterogeneous polymers images
show the contrast of two different materials. Sometimes,
the contrast cannot be visually observed, so the
quantitative study is necessary. The image pixels
can be divided into two parts as the frequency
distribution histograms, which are fitted by Gaussian
function. The normalized histograms and the
bimodal distribution function are fitted by [27]:
f ( ) 



p

 1 2π

e

(  1 )2
2 12



1 p

 2 2π



e

(    2 )2
2 22

(5)

where 1 and  2 are the normal distribution
means of two components,  1 and  2 are the
standard deviations, p is the ratio of pixels in the
first distribution, and (1‒p) the ratio of pixels in
the second. The means and standard deviations
were used to define the average and quantify the
variation or dispersion of a set of phase values (0 <
 < 180°). Ashman's D refers to the phase and
amplitude image contrast, and D > 2 is a necessary
condition to distinguish two mixed materials. D
can be derived by the following statistical formula
[60]:
D

2 1   2

 12   22

(6)

The 2 contrast, tr contrast, Atr and its contrast
under different A02 in setpoint ratio range (0–1) are
shown in Fig. 5. The setpoint axis is divided into
three sections Ⅰ, Ⅱ, and Ⅲ by the variation trend
of contrast. As for  2 contrast in Fig. 5(a), the
contrast with A02 = 47 nm is much higher than the

other two contrast lower than 2. The effect of
increasing free amplitude A02 at a fixed setpoint
ratio is similar to that of increasing setpoint ratio
at a fixed free amplitude, both of which lead to
strong interaction. The velocity-dependent viscous
damping increases with the free amplitude and the
setpoint ratio. In the process, the tip velocity and
tapping force increase, enhancing the effect of
viscoelasticity [51, 56]. Therefore, for a given
setpoint, the phase contrast is higher at the large
free amplitude. The 2 contrast is obviously higher
than the 1 contrast in the previous study using
the first order flexural vibration mode as the
feedback, especially with large free amplitude [40].
The Atr and tr contrast are essentially affected by
the in-plane (lateral) heterogeneity of the surface.
In Fig. 5(b), for the purple curve with high A02, the
 tr contrast reaches the minimum at a setpoint
ratio around 0.28. The 2 contrast in Fig. 5(a) is
larger than the tr contrast in Fig. 5(b) with A02 = 47
nm, however in the orange and green curves with
A02 = 21 nm and 10 nm in Figs. 5(b) and 5(d), the
ability of torsional vibration to distinguish different
component materials in the close scanning distance
is pretty better. Because the torsional vibration is
in the repulsive interaction region, the dynamic
lateral force plays an important role in the amplitude
reduction. The amplitude decreases as the setpoint
ratio reduces, namely, the tip is approaching the
sample surface. The Atr contrast region is separated
by the black dot line D = 2 in Fig. 5(d), showing a
similar trend with tr contrast curves. The setpoint
ratio intersection 0.32 in Atr curves of Fig. 5(c) is
related to the minimum in Figs. 5(b) and 5(d).
However, within low setpoint ratio region Ⅰ
(0-0.13), the 2 contrast decreases but tr and Atr
contrast increase, indicating the torsional vibration
is sensitive to the near surface scanning. At this
time, the dynamic behaviors of the tip change
greatly, and the tip may be absorbed on the sample
surface. From the above analyses, in order to
obtain better contrast between the two materials,
the best method is to compare the phase and torsional
amplitude within the intermediate setpoint region
Ⅱ (0.13‒0.8), where both contact and noncontact
states exist. The special contact state can be defined
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Fig. 5 The amplitude, phase and contrast of the second order flexural vibration and the first order torsional vibration under
different A02 in setpoint ratio range (0–1). The setpoint ratio axis is divided into three regions Ⅰ , Ⅱ and Ⅲ. (a) φ2 and (b) φtr
contrast. (c) Atr and (d) its contrast. The purple dotted lines are the boundaries between different contrast stages. A02 = 47 nm
(purple line), 21 nm (orange line), and 10 nm (green line). The solid square dots and circle dots represent the data on the PS and
LDPE, respectively.

as the quasi-contact state, in which the phase and
amplitude contrast can be greatly enhanced due to
the sufficient interaction between the tip and the
sample. However, the 2 contrast is low with A02 =
21 and 10 nm. In this situation, the image contrast
depends more on torsional signals. Also, compared
with the situation using the first order flexural
vibration feedback, the tr contrast and Atr contrast
are larger, especially in the close scanning range
with small free amplitude [40]. Within high setpoint
ratio region Ⅲ (0.8‒1), as the energy dissipation
reduces, the 2, Atr, and tr contrast decrease.
Under atmosphere environmental conditions, a
thin layer of water may be absorbed on the sample
surface, resulting a meniscus or liquid bridge at
close distances between the tip and the surface [61].
The attractive interaction contains the capillary
force, Van der Waals’ force and the electrostatic
force, causing the unsteady motion that the tip is

drawn into the sample surface. They all increase
with the distance decrease. Therefore, it is important
to note at what distance the pull-in phenomenon
occurs. A useful explanation is that when the
kinetic energy of the tip vibration and the potential
energy of its position are less than the energy of
the attractive field on the sample surface, the tip
will be pulled in, and the distance at this time is
the critical value [62]. Similar phenomena have
been observed in static force-distance curves. Therefore,
increasing the kinetic energy of tip vibration is an
effective way to avoid the pull-in phenomenon. The
simplest way is to replace the cantilever beam with
high force constant (e.g., Q-plus force sensor) or to
excite high-order vibration [25]. In this experiment,
the goal is achieved by exciting the higher flexural
vibration mode.
When the tip is closely scanning the sample
surface, the image quality is poor usually at the
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first order flexural vibration feedback [40]. However,
when the second order flexural vibration is used
as the feedback, the spatial resolution can be
improved [29]. The bimodal mode, including the
torsional vibration, is a breakthrough point for
measuring dynamic friction effects at close range.
The setpoint ratio is 0.1 in both experiments to
determine the near scanning to the same extent
compared with different free amplitudes. From the
left images in Figs. 6(a)-1 and 6(b)-1, we can see
the phase contrast is low, especially at the edge of
the heterogeneous materials. Only the torsional
amplitude can clearly show the different components
of the materials in Fig. 6(c)-1. When scanning close
to the sample surface, the tip can be drawn into
the substrate by strong attractive forces from the
first order vibration feedback loop. At this time,
the phase signal fails to distinguish the materials
except for the torsional amplitude. When employing
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the second flexural vibration as the feedback,
under A02 = 47 nm, the heterogeneous polymers
are well distinguished by the second order flexural
phase 2 and the first order torsional phase tr and
amplitude Atr in Fig. 6-2. For smaller free amplitude
A02 in Figs. 6-3 and 6-4, there are some fine
structures in the boundary between the two
materials, because the decrease of the tip-sample
distance can lead to strong interaction in the
lateral direction. The flexural vibration of the tip
reflects the out-of-plane sample nano-mechanical
properties, while the lateral vibration of the tip is
sensitive to the in-plane forces, or called dynamic
friction force. The torsional phase and amplitude
signals have more advantages in detecting micro
structures, especially the edge of heterogeneous
materials in Figs. 6(b)-4 and 6(c)-4. The sample can
deform laterally, resulting in strong friction
interaction.

Fig. 6 The bimodal AFM scanning images of PS-LDPE at 0.1 setpoint ratio when free amplitude A01= 65 nm, A02 = 47 nm, 21
nm and 10 nm, respectively. (a) The first and second order flexural vibration phase φ1 and φ2. (b) The first order torsional
vibration phase φtr and (c) the first order torsional vibration amplitude Atr. The images (4.5 μm × 4.5 μm) in the first column on
the left are obtained by the first order flexural vibration feedback, while the images (10 μm × 10 μm) in the second to fourth
columns on the right are obtained by the second order flexural vibration feedback. Numbers in bottom left corners show the
limits of the color scales φmax , φmin and Atrmax, Atrmin for each amplitude and phase image respectively.
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4

Conclusions

In the present work, a bimodal AFM technique
that combines the normal and lateral tip motion by
simultaneously driving the cantilever at both the
second order flexural and the first order torsional
eigenmodes was developed. It can provide valuable
insights into the out-of-plane and in-plane dissipation
power of the polymer blend of PS and LDPE, which
are not accessible by standard AFM methods. The inplane dissipation is much smaller than the out-ofplane dissipation at three free flexural amplitudes
A02. In the intermediate setpoint ratio region, the
contrast of the compliant heterogeneous materials
was enhanced. Besides, the pull-in problem due to
strong attractive force near the sample surface can
be addressed by exciting the second order flexural
vibration mode. The edges of the heterogeneous
materials are clearer in the second order flexural
vibration feedback loop than that in the first order,
indicating the high order vibration improves the
resolution and image contrast. The friction dissipation
coefficient was proposed and three different contact
states were determined from the energy dissipation
and phase curves. The image contrast was greatly
enhanced in the quasi-contact state where the
attractive and repulsive interactions coexists. The
quasi-contact state is of great significance to the
research of friction.
To better understand the origination of friction
in the microscale, the normal and torsional energy
dissipation between the tip and sample surfaces
several nanometers apart are discussed. It is found
that the relationship between normal distance and
friction energy dissipation is not linear, but parabolic.
From the point of view of contact friction, it is
generally believed that the closer the distance is,
the stronger the force is and the greater the friction
energy dissipation power is. However, for the
dynamic AFM mode, the closer the distance is, the
force will change from attraction to repulsion, and
reduced amplitude will lead to the decrease of the
system energy, thus reducing the friction dissipation.
Friction originates from two relatively moving
surfaces in a force field, regardless of the form of
motion. In the micro-nano world, the flexural
vibration and torsional vibration are similar to

some extent. Therefore, the energy dissipation verse
distance change regularities in bimodal directions
are both similar to parabolic trend, which may
help to understand the modulation effect of vibration
on friction. This work opens the window from
noncontact to contact friction, which provides the
possibility for the study of friction in intermittent
contact state, and provides a way to understand
the actual friction conditions and energy dissipation
in the future. This work demonstrates that bimodal
technique is an effective method for capturing the
friction dissipation and high resolution images,
which is a good complement to the existing methods
such as contact mode AFM or other contact friction
and wear measuring instruments.
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